Four cationic polymers used to deliver DNA into cultured dendrimer generally appeared as clusters in electron cells: polylysine, intact polyamidoamine dendrimer, fracmicrographs; their diameters in solution were larger than tured polyamidoamine dendrimer and polyethylenimine, 1000 nm, which suggests that their toroidal complexes are examined for their ability to interact with DNA. Comaggregate in solution. The cationic polymers bind to DNA plexes between the polymers and DNA were examined in a stoichiometry that is nearly 1:1 in primary amines to using electron microscopy. Similar toroidal structures with DNA phosphates. The apparent binding of all cationic polydiameters of 55 ± 12 nm were formed from all of the catmers to DNA decreases linearly with increasing ionic ionic polymers with DNA. The DNA complexes of the fracstrength, up to 0.8 M NaCl. Thus, at the concentrations tured dendrimer and polyethylenimine were observed as studied, these polymers interact electrostatically with DNA single, distinct units; their apparent diameters in solution forming a unit structure with toroidal morphology; the as measured by dynamic light scattering ranged from 90 extent of aggregation of the unit structures in solution to 130 nm. The DNA complexes of polylysine and intact depends upon the characteristics of the individual polymer.
Introduction
tions with DNA and the morphology of the resulting Self-assembling polynucleotide delivery systems concomplexes. sisting of a cationic polymer and attached targeting ligands or membrane destabilizing agents have been used by a number of groups to deliver DNA into cells in Results culture [1] [2] [3] [4] or in vivo. 5, 6 The cationic polymers that form the basis for these self-assembling systems interact elecPolymer structure trostatically with the phosphates on DNA to form a com- Table 1 summarizes the structural and chemical features pact particle. Polylysine, probably the most commonly that distinguish these cationic polymers. The major used of the cationic polymers, mediates only a low physical structural distinction can be made between polydegree of transfection, but transfection is significantly lysine, which is a linear polymer, and the remaining polyimproved by conjugation or incorporation of agents to mers, which are branched ( Figure 1 ). The structures of facilitate cellular uptake, 1,6-8 or endosomal release of the branched polymers can be further distinguished by DNA. 3 Other cationic polymers, such as polyethylenitheir symmetry of branching; the dendrimers are radially mine 9 and fractured dendrimer 4,10 require no additional branched, whereas polyethylenimine lacks a defined agents to achieve high transfection activity in vitro. It is center of symmetry. Alternatively, the branched polynot apparent why different cationic polymers exhibit mers can also be characterized by the completeness of such a wide variation in intrinsic transfection activity. We branching; only the intact dendrimer has two arms have suggested that substantially higher transfection extending from every branch point. For the fractured activity mediated by degraded polyamidoamine dendrimer and polyethylenimine, zero, one, or two arms (PAMAM) 1 dendrimers compared to the intact dendrican extend from each branch point, depending upon the mers was principally due to the increased flexibility of randomness of the chemical processes used to prepare the degraded dendrimers. 10 Here, we explore further the them. role of cationic polymer structure in DNA complex forThe major differences between the cationic polymers mation by comparing polylysine, polyethylenimine, with respect to chemical structure is the type and relative number of protonatable amines. All the polymers possess primary amines which are predominately protonated at neutral pH. The dendrimers and polyethylenimine also Zeta potential (mV) f 38 ± 2 3 5 ± 2 4 2 ± 2 3 1 ± 2
a The values were obtained as follows: for polylysine, the average molecular weight, as determined by SEC (see Materials and methods; for the intact dendrimer, the theoretical value, confirmed by analytical centrifugation; 10 for the fractured dendrimer, calculation based on a random bond solvolysis model; 10 for polyethylenimine, the manufacturer's reported value.
b
Primary amine content as determined by ninhydrin assay, as described in Materials and methods. c Charge ratio (primary amines to DNA phosphates) at which maximum transfection activity is observed. d These are typical values of activity as observed in the luciferase assay (see Materials and methods). Complexes were prepared in Hepes-buffered saline at the charge ratio indicated for maximum transfection activity. Particle diameters were determined using dynamic light scattering. f Complexes were prepared at charge ratios at which maximum transfection activity was observed in 10 mm NaCl, 1 mm MOPS, 0.1 mm EDTA, pH 7.2. Measurements were performed on the Malvern Zetasizer IV. exhibit considerable buffer capacity over almost the entire pH range (Figure 2 ). Polylysine, in contrast, shows little buffer capacity below pH 8, as shown by the nearly vertical slope of the titration curve below this point.
The general properties of the DNA complexes of these cationic polymers differ substantially. The transfection activities of polylysine and the intact dendrimer are considerably lower than those of the fractured dendrimer and polyethylenimine (Table 1) . Also, the diameters of the DNA complexes in solution of polylysine or intact dendrimer are much larger than those of the fractured dendrimer and polyethylenimine. All the polymers, howids varied in proportion, most frequently appearing as thick, soft donuts. Occasionally, toroids appeared as thin ever, demonstrate their maximum transfection activities at charge ratios with an excess of primary amines to DNA rings. The thickest toroids could be distinguished from spheres only by a slight indentation in their centers. phosphates; this is evident in the strongly positive zeta potentials observed at these charge ratios (Table 1) .
Two distinct size populations of toroids were observed. The predominant population (40 to 60 nm in diameter) were similar in size to the spheres and generally Electron microscopy of cationic polymer-DNA complexes appeared in the same vicinity. A second population, about 30 nm in diameter, was also observed in areas isoExamination of the cationic polymer-DNA complexes using electron microscopy (EM) reveals compact struclated from the larger toroid and sphere structures and was generally arranged in parallel rows. Their small size tures consisting of toroids of similar size (40 to 60 nm in diameter.) Similar structures were formed between DNA and spatial arrangement strongly resembles that of the 'beads on a string' artifact noted in other references. 11 and any of the cationic polymers studied (Figure 3 ). ToroToroids were tallied by size for each of the cationic polymers studied, as shown in Figure 4 . The very small toroids were excluded from the tally. The difference between polymers with respect to the diameters of their DNA toroids was not statistically significant, except between the toroids formed from the DNA complexes of the intact and fractured dendrimers.
The size and shape of the unit complexes are similar for all of the cationic polymers studied; however, their distribution on the grid is not. Fractured dendrimer or polyethylenimine DNA complexes were observed primarily as single units and occasionally grouped as dimers and, rarely, trimers. The DNA complexes of polylysine and intact dendrimer, however, were rarely observed as single units, but were generally clustered together, as seen in Figure 3b and d.
Determination of the diameters of the complexes in solution
The diameters of the cationic polymer-DNA complexes prepared in HEPES buffered saline (HBS) at various charge ratios were measured using dynamic light scattering (DLS). As seen in Figure 5 , the diameter of the complexes depends upon the charge ratio used, and perhaps more importantly, upon the specific cationic polymer used. The particle behavior of a cationic polymer-DNA complex at a given charge ratio falls into either one of two classes: monodisperse distributions of less than 1000 nm in diameter (standard deviations less than 20%), or polydisperse distributions of greater than 1000 nm in size (standard deviations of the order of 100%). DNA complexes of the fractured dendrimer are in the first category of small particles over the entire range of charge ratios examined. DNA complexes of polyethylenimine at charge ratios of 1 or less fall into the second category, whereas those made up at higher charge ratios form very small particles. At charge ratios above 0.5, the DNA complexes of polylysine and intact dendrimer all fall into the second category of large particles.
Complexes that fall into the category of small particles are also stable, in that their diameter remains constant over many hours; DNA complexes of fractured dendrimer or polyethylenimine made up at charge ratios optimal for transfection under physiological buffer con- We examined the effect on the aggregation phenom- enon of several different methods of mixing intact dendrimer-DNA complexes at a 6:1 charge ratio in HBS. Slow dialysis of the complex from 4 m NaCl, the gradual addition over the course of an hour of cationic polymer to DNA, or the sonication of preformed complexes all resulted in complexes that were just as large, or even larger, than the complexes formed by direct addition of DNA to the intact dendrimer. Inability to reduce the diameter of the resulting complexes, even under conditions of excess cationic polymer, suggest that, like polylysine-DNA, 12 intact dendrimer-DNA complexes have an inherent tendency toward aggregation under physiological buffer conditions.
Determination of zeta potential of complexes in solution
An important parameter for the control of aggregation behavior in classical colloid theory is the charge on the surface of the particle. 13 The surface charge of cationic polymer-DNA complexes was estimated from measurement of zeta potential, which is plotted for the cationic very near the charge ratio of one primary amine per DNA phosphate for the DNA complexes of all cationic differ, when in excess, all the polymers quench DNAethidium fluorescence at approximately the same relative polymers.
In contrast to the cationic polymers, the DNA comconcentration of primary amines to DNA phosphates. The electrostatic contribution to the mechanism of plexes of small multivalent cations do not exhibit strongly positive zeta potentials even for high excess of binding of a ligand to DNA can be determined by observing the change in binding affinity constant in the prescation ( Figure 6b ) and they aggregate to form large particles at moderate salt concentrations (data not shown).
ence of a monovalent salt; a linear relation between binding affinity and salt concentration is highly indicative of an interaction that is predominately electrostatic. 15 As Titration of DNA-ethidium bromide with cationic polymers shown in Figure 7b , as the concentration of NaCl increases, the relative ethidium bromide fluorescence at Although the actual binding affinity constants of very large polyvalent compounds cannot be readily detersaturation increases, suggesting that binding affinity of the cationic polymers for DNA likewise decreases. The mined, 14 the change in relative binding affinity can be inferred from the relative fluorescence of DNA-ethidium linear increase of fluorescence, as NaCl concentration increases, indicates that charge shielding due to higher bromide in the presence of excess cationic polymer. The displacement of ethidium bromide from DNA was moniionic strength adversely affects binding; thus, not unexpectedly, the cationic polymer-DNA interactions for all tored by measuring the ethidium bromide fluorescence as cationic polymers were added to solutions. As shown the polymers studied here are primarily electrostatic. The structures of these diverse polymers do not appear to in Figure 7a , when in excess, all the cationic polymers quench DNA-ethidium bromide fluorescence to nearly confer any appreciable binding energy. the same extent. This result suggests that under these Determination of the relative binding site occupancy conditions, DNA is bound by each polymer to a similar Reverse titrations were performed in which DNA was degree. Although the profiles of the titration curves incrementally added to fluorescently labeled cationic polymer. As shown in Figure 8 , the fluorescence DNA all the amines might not be protonated at pH 7.0. Moreover in the case of polylysine, charge neutralization decreases linearly until a constant fluorescence is reached. The relative binding site occupancy, n, is indiwill drive it towards an alpha helical conformation.
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Either effect might explain why the apparent binding cated for each cationic polymer in the legend of Figure  8 . Each fluorescent cationic polymer exhibits a distinct ratio of the primary amines of polylysine to DNA phosphates is slightly higher than unity. The branched polyfluorescence value in the presence of excess DNA. All the cationic polymers were observed to have relative binding mers (the intact and fractured dendrimers and polyethylenimine), on the other hand, all contain higher site occupancy within 10% of one primary amine to DNA phosphate. order amines, many of which are protonated at neutral pH. As estimated from the titration curves, between 55 and 67% of the total amines of all of the branched polyDiscussion mers are protonated; since primary amines comprise 50% or less of the total amines of the branched polymers, this We have examined some of the biophysical properties of means that some higher order amines are also charged. the interaction of DNA with several different cationic Protonation of secondary or tertiary amines could polymers, varying in size, shape and nature of the cataccount for the apparent binding ratio of the primary ionic moiety. Although the cationic polymers differ in amines of the branched polymers to DNA phosphates of their ability to mediate transfection, what differentiates being slightly less than unity. the polymers is not their DNA binding behavior nor the
The titration of DNA-ethidium bromide results in the basic morphology observed in the complexes they form same final extent of fluorescence quenching by all the catwith DNA. However, differences are observed in the ionic polymers when in excess (Figure 7a ) which demonaggregation behavior of their individual toroid units;
strates that ethidium bromide is displaced and thus DNA complexes exhibiting high transfection activity have less phosphates are occupied, to virtually the same extent. tendency to aggregate.
Although the reverse titration data show that each catAs previously demonstrated, the interaction between ionic polymer attains a different limiting fluorescence in cationic polymers and DNA is electrostatic.
16 This is the presence of excess DNA, this observation cannot be shown here by the linear relationship between the relaattributed to any differences in the binding behavior tive binding as it decreases in response to increasing solbecause of the lack of specific information about the spaution ionic strength (Figure 7b ). This is also evident in tial orientation and density of fluorophores. These obserthe reverse titration binding data (Figure 8 ) which vations of binding and titration behavior are consistent showed that the cationic polymers bind to DNA with a with the hypothesis that the force driving cationic polyratio of between 0.9 and 1.1 primary amines to DNA mer-DNA interactions is electrostatic and that as a result phosphates, reasonably close to the 1:1 ratio expected for DNA binding is identical for all the cationic polymers purely electrostatic interactions. The relative binding studied here. ratios probably differ slightly from unity because we Despite the vast differences in structure of these cathave defined the charge ratio as the number of primary ionic polymers, the complexes they form with DNA, as amines relative to DNA phosphates. However, the numobserved by EM (Figure 3) , have a similar toroid morber of primary amines is not necessarily equal to the phology. It is well documented that DNA condensates as number of positively charged groups in a polyamine at observed by EM tend to adopt the toroid form, indeneutral pH. The primary amines of linear polymers have pendent of DNA size and topology, 20 or condensing lower pK a s than expected because of suppression of proagent used, ranging from small multivalent cations 21 to tonation by closely spaced charged groups. 17, 18 Not all the proteins and polypeptides. 16, 22, 23 That the resulting unit primary amines of polylysine are necessarily protonated structures are so similar is somewhat surprising since the at pH 7 (Figure 2 ) and although the ionization curve will diameter of the hydrated intact dendrimer (6.4 nm), for be shifted towards the alkaline region in the presence of example, is three times that of the hydrated DNA helix (2 nm). 10,24 The diameters of the toroids vary slightly with the cationic polymer used (Figure 4) , although the differences do not appear to correlate with the physical size of the cationic polymer; intact dendrimer-DNA complexes, for example, yield toroids that have a significantly smaller diameter than toroids formed from the fractured dendrimer, although, as indicated in Table 1 , the intact dendrimer has nearly twice the molecular weight of the fractured dendrimer.
Our results with polylysine are in accord with the findings of Wagner and colleagues 25 who demonstrated that polylysine and polylysine-transferrin conjugates complexed in excess with DNA form toroidal structures with diameters between 50 and 100 nm. This group further suggested that high levels of transfection by the transferrin-polylysine complexes correlated with compaction microscopy for DNA complexes in the presence of excess polylysine (9600 daltons), block copolymers of polylysine complexes of polylysine or intact dendrimer form large, unstable, heterodisperse particles whereas complexes of and polyethylene glycol, or block copolymers of polyhydroxypropylmethacrylamide-polytrimethylammonium fractured dendrimer and polyethylenimine form small, stable particles ( Figure 5 ). Thus, large particles observed methacrylate. 26 The DNA complexes of the polyethylene glycol-polylysine copolymer consisted of thick, linear in solution correlate with the observed clustering of the fundamental unit complexes observed under electron strands and toroids, whereas the DNA complexes of polylysine-and methacrylate-containing polymers were microscopy. Taken together, these observations indicate that the cationic polymers themselves must mediate the described as mainly spherical. 26 The spherical structures observed with atomic force microscopy, in contrast to the different aggregation behaviors of their DNA complexes. The classic treatment of colloid behavior assumes the toroidal forms usually observed with EM, may be a consequence of the sample preparation technique; it is tendency of a system of particles to aggregate is largely determined by electrostatics; particles of like-charge, posnot yet known how drying and surface conditions can influence the morphology or dimensions of the comsessing an electrostatic potential that is greater than the potential energy of their van der Waals interaction, are plexes. With atomic force microscopy, the diameters of DNA complexes of polylysine were also observed to thought to be stable against aggregation. 13 Small, multivalent cations condense and compact DNA, but bind increase with molecular weight of the polylysine used. 27 The largest polylysine (224 000 daltons) formed polydisreversibly, 30, 31 and so cannot associate in a complex with charge ratios above 1:1; thus, strongly positive zeta perse structures with DNA ranging in diameter from 100 to 300 nm, whereas the shortest polylysine (3970 daltons) potentials are never achieved (Figure 6b ) and aggregation generally results, under physiological buffer conditions. formed more uniform structures with diameters between 20 to 30 nm. The authors suggest that, as the volumes Cationic polymers, however, possess high binding affinity to DNA 32 and so, can associate with DNA in excess of the largest structures were 160-fold greater than the volumes of the smaller structures, these larger structures of 1:1 charge ratio; hence, strongly positive zeta potentials can be observed (Figure 6a ). Nevertheless, a comparison must be composed of multiple plasmids. 27 However, it is not clear if the large structures were aggregates of the of Figures 5 and 6a shows that aggregation is observed for the DNA complexes of both polylysine and intact smaller structures or, rather, were homogeneous in structure. The polylysine used in our studies (27 000 daltons) dendrimer although they exhibit a strongly positive surface charge. Therefore, the simple electrostatic stabilizis comparable with the 23 800 dalton polylysine in the atomic force microscopy studies observed to form strucation model is inadequate for describing the general aggregation behavior of cationic polymer-DNA comtures between 80 to 130 nm in diameter which is about two-fold larger than the structures measured herein. 27 plexes, although it might explain the smaller particle size and stability of the DNA complexes of the fractured denThe difference in mean diameters may be due to the different imaging techniques, different sample preparation drimer and polyethylenimine. A more complex model of aggregation, such as that of bridging between particles methods, or a difference in the sampling of structures for measurement.
by extant polymer loops, 33 or by collision between electrostatic surface patches of opposite charge on the parThe most important outcome is that the resulting morphologies of the unit structures formed by the DNA comticles 34 may be required to describe how polylysine and intact dendrimer mediate aggregation of their DNA complexes of all the cationic polymers in this study are very similar. Our qualitative observation that the complexes plexes. Our findings reinforce previous studies 2, 6, 8, 25, 26 that suggest that the stability of the unit DNA complexes of several different cationic polymers with DNA form toroids is consistent with the EM observations of the under physiological buffer conditions is an important consideration in the design or selection of cationic poly-DNA complexes of a wide variety of multi-and polyvalent cations. [20] [21] [22] [23] 25 This result indicates that cationic mers for self-assembling DNA delivery systems. Those polymers which mediate high transfection, the polymer chemistry and structure contribute little to the condensation and compaction of DNA into the toroidal fractured dendrimer and polyethylenimine, showed minimal aggregation of their DNA complexes and forform; rather, the structure of the resulting complexes is determined by the electrostatics of interaction. The toromed suspensions in solution of particles of small diameter. The correlation between high transfection levels and idal shape of charge neutralized DNA is not only independent of the polycation as we show here but recent small particle diameter has been previously commented upon by Wagner and co-workers 25 in their studies of studies of complexes between DNA and cationic lipids in organic solvent indicate it does not depend upon the transferrin-mediated transfection. They suggest that complexes with diameters of l00 nm or less correspond to the solvent either. 28 Although the fundamental unit complexes appear morapparent diameter of the coated pit in receptor-mediated endocytosis. There is no targeting ligand in the comphologically identical under EM, their distribution on the grids is not. The unit DNA complexes of polylysine and plexes used in our studies; moreover, our previous study of other highly transfection active dendrimers showed no intact dendrimer tend to cluster whereas those of fractured dendrimer and polyethylenimine do not. The forsuch clear correlation with complex size. 10 Thus, the correlation between transfection activity and particle mation of multimolecular aggregates of toroid units has been noted elsewhere.
20, 29 Aggregation of the toroidal diameter of the active complexes used in this study may be fortuitous. complexes may account for the observed polydispersity and large diameter of the complexes formed between
The cationic polymers studied here have been used to assemble polynucleotides into compact packages for high molecular weight polylysine and DNA that were imaged by atomic force microscopy. 27 This tendency to delivery to cells in vitro. To date, the primary concern in the selection of cationic polymers has been their ability form clusters is reflected in the difference in apparent particle diameters of the complexes in solution;
to transfect cells with exogenous DNA. In this study, we have observed that electrostatic interactions dominate of cationic polymer; upon assay, each polymer molecule was estimated to contain between three and four fluorover steric and chemical contributions in the primary interactions of these cationic polymers with DNA. Moreescein groups. Plasmid DNA encoding either firefly luciferase 37 or ␤-over, the extent of binding of DNA in the presence of excess polymer and condensation of the DNA into comgalactosidase 38 were used in transfection assays, as described elsewhere.
10 Pure plasmid DNA encoding CAT pact toroid units are unaffected by the molecular weight and structure of the cationic polymers studied here.
enzyme was a generous gift from Dr Eric Eastman (GeneMedicine, TX, USA) and used in all biophysical However, the aggregation behavior of the condensed unit structures is strongly dependent upon the individual catcharacterizations. DNA purity was found to be critical for consistent results. DNA used in complex formation ionic polymer. We are currently working on two aspects of cationic polymer structure that are correlated with was dialyzed successively for 4-12 h in 4, 2, 1, 0.5, 0.25 m NaCl and then NaCl-free solutions containing 10 mm high transfection observed in certain polymers and propose that high transfection is due to their ability to buffer Tris/1 mm EDTA at pH 8.0. This dialysis protocol was found to be necessary for consistent results. pH between pH 5 to pH 7 and polymer flexibility.
Except for the ethidium bromide-DNA or reverse titration experiments, complexes were prepared by
Materials and methods
adding an equal volume of DNA solution to cationic polymer in solution. Proportions of each, unless otherwise stated, are specified as the charge ratio of primary Materials Polylysine (Sigma, St Louis, MO, USA; initial degree of amines of cationic polymer to DNA phosphates. Unless otherwise indicated, the final DNA concentration in the polymerization of 123) was size-fractionated through an S100HR (Pharmacia, Piscataway, NJ, USA) column solutions studied here is 12 g/ml. (120 × 1.5 cm) using an eluent consisting of 150 mm NaCl, 10 mm 3-(N-morpho-lino)propanesulfonic acid (MOPS),
Electron microscopy Samples were prepared with DNA at 12 g/ml in a and 1 mm ethylenediamine tetraacetic acid (EDTA) at pH 7.2. Following exhaustive dialysis in five to seven buffer solution containing 150 mm ammonium acetate, pH 7. Immediately before sample preparation, the carchanges of 100-fold volume excess of water, similarly sized fractions were pooled, lyophilized, and then disbon-coated grids were glow-discharged for 60 s (100 mTorr) and then floated on 50 l of sample solution for solved in 10 mm MOPS, pH 7.2. The final preparation used in this study was determined by size exclusion chro-15 min. Grids were removed from the sample solution, dipped briefly in water, touched to filter paper to remove matography (SEC) to have weight average molecular weight of 27 kDa (average DP of 210) with 90% limits of excess solution, then dried under a heat lamp. Grids were rotary shadowed at a 7°angle with platinum/tungsten, ±6 kDa. The polylysine concentration was determined by ninhydrin analysis against a lysine standard following then inspected under a Philips 300 electron microscope (Philips Electron Optics, Eindhoven, The Netherlands). hydrolysis of the polypeptide in 6 N HCl under vacuum.
35, 36 The sixth generation dendrimer based on the During refinement of our sample preparation techniques, compact structures were sometimes observed under contris-2-aminoethylamine (TAEA) core was synthesized inhouse and assayed using SEC to determine purity and ditions for which none were expected and likewise the converse case occurred. Some grid coating and treatment ninhydrin for primary amine content.
10,36 A fractured dendrimer was prepared from intact dendrimer by heatcombinations (glow-discharged formvar, in our hands, for example) appear to induce compaction of naked treatment in a solvolytic solvent. 10 The dendrimer was refluxed for 43 h in 1-butanol (boiling point 117.2°C), DNA; glow-discharged carbon films, by comparison, did not. Negative staining proved to be highly technique then lyophilized and diluted in water. A stock solution used in the characterization was prepared by a single dependent. Standard uranyl acetate stain is alkaline; thus overstaining causes deprotonation of cationic polymers dialysis against a 1000-fold volume excess of water. In this study, 'intact dendrimer' refers to the monodisperse with low pKa, leading to decondensation of their complexes. Staining by neutralized uranyl acetate, which has sixth generation tris(2-aminoethyl)amine (TAEA) core compound. The term, 'fractured dendrimer', refers to this ionic strength of about 1 m, can also likewise decondense complexes. Rotary shadowing was the method yielding same compound, following heat-treatment. 'Polyethylenimine' refers only to the material with average molecular the least variability. Also, if excess salt is present, the complexes tend to coalesce within salt crystals on the weight of 25 kDa obtained from Aldrich (Milwaukee, WI, USA) (lot 07112DF), as this was the material that exhibgrid, so samples were prepared in solutions containing a volatile buffer. ited the best transfection activity in our laboratory. Polyethylenimine was dialyzed in four changes of a 100-fold volume excess of water, lyophilized, and rehydrated
Fluorescence binding titrations The binding of the cationic polymers to DNA was exambefore use. Solutions with defined concentrations were prepared on a weight/volume basis, and their primary ined using two fluorescence quenching methods. The first method is based on ethidium bromide, a monovalent, amine content was estimated using the ninhydrin assay.
Cationic polymers were labeled by reaction of primary DNA-intercalating agent which occupies an effective binding site of two base pairs; its fluorescence is dramatiamines with fluorescein isothiocyanate (Molecular Probes, Eugene, OR, USA), following the manufacturer's cally enhanced upon binding to DNA and quenched when displaced by higher affinity compounds. 39 Ethidprotocol. Polymers were separated from unreacted fluorophore using a Biogel (Biorad, Hercules, CA, USA) P6 ium bromide was added at a 1:10 molar ratio to DNA phosphates in 1 mm HEPES at pH 7, containing varying size exclusion column. The molar amount of reactive label used was five times the approximate molar amount concentrations of NaCl. where F r is the relative fluorescence, F obs is the measured to the fluorescein-labeled polymer, as the solution was 7 Michael SI, Curiel DT. Strategies to achieve targeted gene
